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Introduction
This paper introduces a qualitative approach for non-destructive tests and their evaluation for carbon fiber reinforced carbon composites and Cu-Cu alloys joints.
Reliable non-destructive tests (NDT) are fundamental for the manufacturing of components for nuclear fusion applications, especially for high heat flux plasma facing components. 3 NDT allow inspection of a component without impairing serviceability; it's important to detect and characterize defects (type, size and position) as well as the set-up of acceptance standards in order to predict their influence on the component performance in service conditions. NDT on carbon fibre reinforced carbon matrix composites/Cu joint are complex because of the different behavior of carbon fibre reinforced carbon matrix composites (CFC) and copper with regard to physical excitations used to test the component; furthermore the response to this input must be accurately assessed to identify the detachment of CFC tiles from Cu alloy.
The joints were developed for the high heat flux components of fusion machines: CFC/Cu tiles for flat-type armour and CFC/Cu/Cu-alloy brazed tiles for flat-type armour.
Joined samples were tested by NDT to evaluate the suitability of these tests on the joining technique proposed by the authors [1] .
NDT includes various techniques, which allow inspection of a component without impairing serviceability. In effect, it's important to detect and characterize defects (type, size and position) in order to predict their influence on the component performance in service conditions. In CFC/Cu joints, the NDT target is to identify two different kinds of defects: detached interfaces or porosities in the cast copper.
Several studies have been dedicated to non-destructive investigation of the CFC/Cu joints, since these joints are one of the most critical issues in the high heat flux components [2] [3] [4] .
The following techniques have been used in this work:
Lock-in thermography Ultrasonic inspections Microtomography Microradiography After NDT, metallographic investigation and mechanical tests were performed on the same samples to validate the NDT. The results of different NDT and their experimental validation will be discussed in this paper.
Materials and experimental procedure
The specimens used in the present investigation were CFC/Cu and CFC/Cu/CuCrZr joints. The carbon-carbon composites used were manufactured by Snecma Propulsion Solide; they are CFC NB31 and have a 3-D fibre perform made of ex-PAN and ex-pitch carbon fibres filled with a carbon matrix [5] .
The copper used for CFC/Cu joints is Oxygen Free High Conductive copper (OFHC)., (Goodfellow) as a foil with thickness of 3.15 mm. The purity of copper was 99.95%. CuCrZr alloy (ITER grade) was produced by Kabel
Metal.
The composite blocks were sliced into 22x19x8 mm pieces; cast copper was 2 mm thick and CuCrZr alloy brazed to CFC/Cu joint was 1-1.5 mm thick
The joints have been obtained using a process that modifies the surface of the composite and then cast copper on the modified surface, according to the procedure described in ref [1, 6, 7] . Chromium was used as metallizing modifier on the composite surface in order to react with C and form a carbide wettable by molten copper [8] .The Cu/CuCrZr joints were obtained using a brazing filler (Gemco® Samples L and M have a mechanical structuring of the CFC surface [1] .
Samples referred to as D and E were not subjected to thermal fatigue tests and they were tested as prepared.
Ultrasonic inspection was carried out on samples K,L,M at Ansaldo Ricerche, Genova (Italy) and on samples K, L, D and E at Enea Casaccia , Rome (Italy), in order to compare two different ultrasonic set-ups. 6 The ultrasonic results are presented in different ways in The chosen ultrasonic frequency varies from 4 to 20 MHz; tests at Ansaldo Ricerche were performed using 10 MHz, while tests at ENEA were performed varying from 4 to 20 MHz (Karl-Deutsch TS6PB4-20P30 probe, crystal diameter 6 mm).. In each case, the transducer was placed on the CuCrZr or Cu side, since ultrasounds can hardly propagate inside the CFC material [12, 13] .
In order to get efficient ultrasonic waves propagation between the transducer and the joint, water was used as coupling medium to assure good acoustic coupling.
Sample M was tested using X-ray microtomography at University of Bologna (Italy) (experimental apparatus X-Ray CCD System (XCCD System) .
Sample K and L were tested by means of X-ray micro-radiography at NILPRP-Bucharest (Romania).
Lock-in thermography tests were performed on samples K and L. This technique, also known as photothermal thermography, has been set up in CEA/DRFC-Cadarache (France) [14, 15] .
It is based on the study of thermal wave propagation into the examined sample Mechanical tests (single-lap shear test) were performed on the joined samples after NDT. The shear strength of the joints was measured at room temperature with a compression machine (SINTEC D/10), according to method described in ref [16] ; the shear test configuration was adapted from ASTM D905 [17] .
Results and discussion
As the ultrasonic waves travel through a material, they are modified by the material itself and by the presence of defects; at a boundary between two materials (i.e. CFC and Cu) a part of waves is reflected and the rest transmitted.
Any sound from the pulsed beam of ultrasounds that returns to the transducer like an echo is shown on a screen which gives the amplitude of the pulse and the time taken to return to the transducer. Defects anywhere through the specimen thickness reflect the sound, back to the transducer. If pores, voids, or defects exist at the joint interface, the reflection becomes stronger or dominant.
Attenuation increases can indicate the presence of detachment between CFC
and Cu or increased void content (presence of porosities at interface). 8 The transducer was designed to locate the focus point of the ultrasonic pulse at the joint interface. If the joint interface is continuous, the ultrasonic pulse emitted from the transducer can be transferred from the metallic material (Cu-CuCrZr) into the CFC tile with negligible reflection at the joint interface. If some defects exist at the joint interface, a reflection is recorded and then mapped according to the coordinates of ultrasonic scanning. Actually, the samples quality appears to be poor; this is probably due to weak interface but it cannot be excluded that some porosities in cast Cu are localized at the interface between copper and CFC and they act as a void at interface.
Other attempts were also made to characterize the joint by T/R technique (transparency); they showed lack of transmission signal. This is the consequence of CFC porosity. In figures 8 and 9 are shown some tomography of sample M achieved with 85 kV peak energy with 0.8 mm Cu filter and 45 kV without filter respectively. In the first one, the copper layer is clearly observable, where the copper "fingerlike" pattern at CFC/Cu interface can be distinguished , while in the second one, the CFC structure is more evident.
Since the CFC volume analyzed is significantly larger than copper, but has lower absorption (the linear absorption coefficient is lower), the attenuation distribution should be considered.
The effects of highly absorbing materials on tomographic reconstruction could lead to some "star-artifacts" (white rays radiating away from a spot, a typical star-like pattern also known as metal-artifact.) on the surface of the analyzed sample; they correspond to "lack of information" zones ( figure 10 ). These spots could be explained as voids at CFC/Cu interface but actually they are reconstruction artifacts.
In order to avoid these artifacts, X-ray energy should be enhanced;
nevertheless, there will be a lack of information on CFC bulk, since it's less absorbent. In this case, the X-ray beam can penetrate the CFC bulk but there is not enough contrast to detect the CFC/Cu interface.
It's very hard to detect defects at CFC/Cu interfaces with this kind of tomography, since carbon-carbon composites and copper have different X-ray behavior (CFC is significantly less X-ray sensitive than copper). Furthermore the application of this technique to large series production appears prohibitive from a cost and time standpoint.
X-ray micro-radiography was performed on K and L CFC/Cu/CuCrZr samples; the X-ray inspection focused on an area of 19x22 mm 2 .
X-ray micro-radiography along the 19 mm side of the examined area ( figure   11 ) shows the interface between CFC and copper; the structure suggests that molten Cu penetrates into CFC substrate in a "finger-like" pattern. Lock-in thermography tests were performed on samples K and L at CEA/DRFC-Cadarache (France); the test set up is described elsewhere [14] .
The study of thermal wave propagation into the sample is based on the thermal It can be explained if discontinuities at CFC/Cu interface are small (reduced gap between CFC and Cu surfaces). In that sense, the thermography map can't point out discontinuity at the interface, since thermal response of the joint is quite good; on the contrary mechanical strength should be low.
In table 2 a summary of discussed results is reported.
Defect free samples, validated by NDT, morphological analysis and mechanical tests are not available yet.
Conclusions
The results of non-destructive characterization of CFC/Cu-Cu alloy joints have been presented. Based on the results of the tests on several samples, the following conclusion can be drawn:
Reliability of non destructive tests of joints should be validated by destructive tests such as morphological evidence of the detected defect and mechanical testing.
ultrasonic inspection on CFC/Cu joints gave unreliable results; this can be explained considering that CFC and copper have a significant difference in the acoustic impedance; therefore high ultrasonic echo exists even if the joint is good; as a consequence defects in the CuCrZr/Cu brazed joints can be identified, but those at the CFC/Cu joint interface can hardly be detected.
Another disadvantage of ultrasonic inspection is that it is sensitive to irregular shaped (e.g. mechanically structured) joined surfaces.
X-ray tomography can only offer a qualitative information on CFC/Cu interface, since carbon is significantly less X-rays sensitive than copper
Lock-in thermography offers information on thermal continuity at interface and can predict the component behavior under critical heat flux event, since it gives a global information about the soundness of the heat path, but not necessarily on the chemical continuity at the interface; the advantage of Lock-in thermography is that it is not sensitive to irregular shaped jointed surfaces and it can be also used for machined CFC/Cu joint.
unfortunately, it is a destructive test, but, together with microscopy, it should be used to validate each proposed NDT. were not subjected to thermal fatigue tests and they were tested as prepared 
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